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1 | INTRODUCTION

Separation of trivalent rare-earth ions, particularly adjacent lantha-
nides (Ln(lll)), by solvent extraction is challenging due to the similar
chemical properties of these elements."? Because of the lanthanide
contraction, the charge density of lanthanide ions increases with
increasing atomic number across the lanthanide series, hence the sta-
bility of metal complexes should show a similar trend. The extraction
of Ln(lll) by acidic extractants (e.g., D2EHPA, PC88A) increases with
increasing atomic number, showing a positive sequence.r®> This
order reflects the lanthanide contraction. However, the extraction
of Ln(lll) from aqueous nitrate solutions by nitrate-based ionic liquids
(e.g., [A336][NOgs], a mixture of long-chain quaternary ammonium
nitrates, with trioctylmethylammonium nitrate as the main compo-
nent) decreases with increasing atomic number, showing a negative
sequence.>®” This order is in disagreement with the lanthanide con-
traction. Recently, the extraction of Ln(Ill) by [A336]-based ionic lig-

uids has been studied intensively from different perspectives.

The extraction of lanthanides from aqueous nitrate solutions by quaternary ammo-
nium nitrate ionic liquids (e.g., [A336][NO3]) shows a negative sequence (i.e., light lan-
thanides are more efficiently extracted than heavy lanthanides), which conflicts with
the lanthanide contraction. In this study, we explored the origin of the negative
sequence by investigating the extraction of lanthanides from ethylammonium nitrate
by [A336][NO3]. The extraction shows a positive sequence, which is converted to a
negative sequence with the addition of water. The transformation from positive to
negative sequences reveals that the negative sequence is caused by the hydration of
lanthanide ions: hydration of lanthanide ions counteracts the extraction. Therefore,
the use of solvents that have weak solvation with lanthanide ions might enhance the

separation of the elements by solvent extraction.
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Onghena et al.® and Hunter et al.? studied the speciation of Ln(lll)
complexes in the organic phase by various analytical, spectroscopic,
and computational techniques. Knight et al.1° explored the extraction

1.1 investi-

of Ln(lll) through the aggregation of extractants. Sun et a
gated the synergism of affinity of anions to Pr(lll) and the Hofmeister
bias of anions on the extraction of Pr(lll). Lovering et al.'? studied the
effect of headgroup-anion interactions at the interface on Ln(lll)
extraction. These studies provide valuable insights into the mecha-
nism of Ln(lll) extraction by [A336]-based ionic liquids, but the origin
of the negative sequence is still not understood yet.

Solvent extraction contains two immiscible phases, an organic
(less polar) phase containing extractants in a diluent and an aqueous
(more polar) phase containing the metal cations to be separated.
Although water is the most popular choice for the more polar phase
of solvent extraction, several studies have shown that various polar
organic solvents can replace water and the substitution of solvents
can significantly alter the separation of metals.’*® A major reason

for the alteration of metal separations by nonaqueous solvent

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. AIChE Journal published by Wiley Periodicals LLC. on behalf of American Institute of Chemical Engineers.

10of 4 wileyonlinelibrary.com/journal/aic

AIChE J. 2020;66:€16545.
https://doi.org/10.1002/aic.16545


https://orcid.org/0000-0002-7882-5999
https://orcid.org/0000-0003-4768-3606
mailto:zheng.li@kuleuven.be
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/aic
https://doi.org/10.1002/aic.16545

LI ano BINNEMANS

AI?BIEJ R NALJLf4

\H )
N _ N:H NO3
| " NO3 H
[A336][NO3] EAN

FIGURE 1 Structures of [A336][NO3] (the main component tri-n-
octylmethylammonium nitrate is shown) and ethylammonium
nitrate (EAN)

extraction is because of the change of solvation in the more polar
phase.*® Moreover, hydration of metal ions may also affect the behav-
ior of metals extraction.r” The high degree of hydration of Ln(lll) in
aqueous solution was found responsible for the low extraction yield
of Ln(lll) to the less polar phase as chloridometalate anions.® Since
studies on the speciation of Ln(lll) in the less polar phase have not
found the explanation for the negative sequence of Ln(lll) extraction
by nitrate ionic liquids, one may seek the answer in the hydration (or
solvation) behavior of metal ions in the more polar phase. However, it
is very difficult to control the extent of hydration of Ln(lll) in agueous
solutions because of the strong affinity of lanthanide ions to water
molecules. Replacement of water by another polar solvent avoids sol-
vation with water (hydration), but introduces solvation by the new
solvent, not simplifying the problem.

In this study, we investigate the origin of the negative sequence
exhibited in the extraction of Ln(lll) from aqueous nitrate solutions by
[A336][NOs3] (Figure 1) from the perspective of solvation in the more
polar phase. Ethylammonium nitrate (EAN, Figure 1) is used as the sol-
vent of the more polar phase to diminish the interference of the solva-
tion of Ln(lll) with ligands other than nitrates. EAN is a room
temperature ionic liquid (melting point: 12°C). The use of EAN as the
solvent of the more polar phase in the solvent extraction of Ln(lll) by
[A336][NO3] avoids the introduction of a new solvating ligand
because both the less polar phase and the more polar phase contain

nitrates as the only ligand.

2 | EXPERIMENTAL

Chemical details are given in Data S1. Water content of [A336][NO3]
and the EAN solution (containing 14 lanthanide nitrates, each nitrate
being 0.005 mol 1) was determined to be 0.44 wt% and <0.10 wt%
by a Karl Fischer Coulometer (Mettler-Toledo C30S). Anhydrous tolu-
ene (<0.002 wt% water) was used as diluent for the extraction from
EAN solution. Each extraction experiment was carried out in a 4-ml
glass vial with 2.0 ml of the more polar phase (aqueous or EAN solu-
tion) and 2.0 ml of the less polar phase ([A336][NO3] in toluene). Mix-
tures of the two phases were shaken for 30 min at 300 rpm on a

Thermo Scientific 2000 shaker to attain extraction equilibrium.
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FIGURE 2 Effect of the NH;NO3 concentration (a) and the

[A336][NO3] concentration (b) on the extraction of Ln(lll). The more
polar phase was a mixture of 14 lanthanide nitrates (0.005 mol I~ of
each element, excluding Pm(lll)) in either aqueous solutions (a) or in
ethylammonium nitrate (EAN) solutions (b); the less polar phase was
20 vol% [A336][NO3] (a), and 20 vol% and 30 vol% [A336][NO3] in
toluene (b) [Color figure can be viewed at wileyonlinelibrary.com]

Afterward, the samples were centrifuged for 3 min at 4,000 rpm in a
Heraeus Megafuge 1.0 centrifuge to accelerate phase separation. The
loaded less polar phases were stripped with water. Metal concentra-
tions in both the more polar phase and the resultant agueous solution
after stripping were measured by ICP-OES (PerkinElmer Optima
8300). Mutual solubility of the two phases was determined by 'H
NMR spectra (Table S1). All solvent extraction experiments were con-

ducted triplicate at room temperature (21 + 1°C).

3 | RESULTS AND DISCUSSIONS

Extraction of Ln(lll) by 20 vol% [A336][NOs] in toluene from aqueous
nitrate solutions was conducted and a negative sequence was
observed (Figure 2a), which is consistent with previous studies.>¢®
With an increase in NH4NO5; concentration in the aqueous solutions,

the extraction of all Ln(lll) increased, and the slopes of the lines
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FIGURE 3 Effect of water content on the extraction of Ln(lll) ions

by [A336][NO3]. The more polar phases were mixtures of
ethylammonium nitrate (EAN) and aqueous solution (5.0 mol-I"*
NH4NO3) containing 14 lanthanide nitrates (0.005 molI"* of each
element, excluding Pm(lll)); the less polar phase was 20 vol% [A336]
[NO3] in toluene [Color figure can be viewed at
wileyonlinelibrary.com]

slightly flattened. If we were able to further increase the NH4NO3
concentration in aqueous solutions, a further flattening of the lines
would be expected. Unfortunately, 10.8 mol ™! is the saturation con-
centration of NH4NOs in water at room temperature (22°C).

When water was replaced by EAN (molarity is about 11.2 mol I7%),
the extraction of Ln(lll) by 20 vol% [A336][NO3] in toluene showed a
surprising positive sequence (Figure 2b), opposite to the extraction
from aqueous solutions. The increase of [A336][NO3] concentration
to 30 vol% obtained the same trend, although the extraction
increased for all elements. The extraction increased from Ce(lll) to Er
(), where a maximum was reached. This increasing trend is consis-
tent with the lanthanide contraction. The extraction from Er(lll) to Lu
(Il) slightly decreased, which might be due to the effect of a tiny
amount of water still present in the system. However, it is very diffi-
cult to completely remove the water residue because of the hygro-
scopicity of ionic liquids. Surprisingly, the extraction of La(lll) seems to
be an outlier. According to Onghena et al,® La(lll) is more likely to bind
six bidentate nitrate ions, forming [La(NO3)¢]®~ in the loaded less polar
phase, whereas other Ln(lll) ions are likely to coordinate to five nitrate
jons, forming [Ln(NO3)s]?>~. Coordinating with a higher number of
nitrates might be the reason for the relatively higher extraction of
La(ln).

Upon addition of water to EAN, the extraction of Ln(lll) by [A336]
[NO3] gradually converted from the overall positive sequence to a
negative sequence (Figure 3). The extraction of the heavy Ln(lll) ions
is more sensitive to the water content. With only 5 vol% water, the
extraction of Er(lll), Tm(Ill), Yb(Ill), and Lu(lll) decreased dramatically,
and the decreasing trend from Er(lll) to Lu(lll) is clearer than exhibited
in the extraction from EAN without extra water added. Therefore, we
can infer that the extraction of Ln(lll) by [A336][NQO3] increases from
Ce(lll) to Lu(lll) if the extraction system were completely water free.

EAN and [A336][NO3] are both nitrate ionic liquids except that
the alkyl chains are different. Therefore the Ln(lll) ions in both phases
can only coordinate with nitrates. With the addition of water, water
molecules start to coordinate with Ln(lll) ions. The absolute values of
the hydration energy of Ln(lll) ions increase with increasing atomic
number, that is, the same trend as the positive sequence.'*?° In other
words, the hydration of Ln(lll) pulls the elements back from being
extracted to the [A336][NOs] phase, and this pulling force is larger for
the element with a higher atomic number. Consequently, the hydra-
tion of Ln(Ill) in agueous solution counteracts the extraction of Ln(lll)
ions to the less polar phase. Therefore, the sequence of Ln(lll) ions
extraction by a certain extractant (acidic, neutral, or basic) is the result
of competition between coordination of Ln(lll) ions with the
extractant and solvation of Ln(lll) ions by water (or other polar sol-
vents) in the more polar phase. The extraction of Ln(lll) ions by
D2EHPA and PC88A is very strong, hence the resulting extraction
sequence is the same as the sequence of coordination with the
extractant. The same explanation holds for the extraction of Ln(lll)
ions by the thiocyanate ionic liquid [A336][SCN], which also shows a
positive sequence.f"11 However, the extraction of Ln(lll) ions by
[A336][NO3] is relatively weak, hence the resulting extraction
sequence reflects the sequence of hydration. With the addition of
NH;NO3; to the aqueous solution, extraction of Ln(lll) ions is
enhanced due to more nitrates coordinating to Ln(lll) in the aqueous
solution, hence the extraction sequence would gradually shift from
the negative sequence to the positive sequence, as shown in Figure 2a,
although the positive sequence was not eventually obtained due to
insufficient solubility of NH4NO3 in water. Fortunately, the conver-
sion from the positive sequence of Ln(lll) extraction to the negative
sequence is clearly shown in Figure 3, by changing the water content
of EAN.

Comparing to the extraction of Ln(lll) from aqueous solutions (e.
g., with 5.0 mol-I™* NH4NO3), the extraction from EAN solution has
larger separation factors for Ce(lll)-Tb(lll), but smaller separation fac-
tors for Tb(lll)-Lu(lll). In the extraction of lanthanide nitrates by
Cyanex 923, the replacement of water by ethylene glycol as the more
polar phase led to improved separation for all elements.*® Therefore,
the change of polar solvents in the more polar phase can considerably
change the extraction behavior, and it is a promising approach to

improve lanthanides separations by selecting proper polar solvents.

4 | CONCLUSIONS

The extraction of Ln(lll) nitrates from EAN by the quaternary ammo-
nium nitrate [A336][NOs] increases with increasing atomic number,
showing a positive sequence, except for La(lll). The discrepancy of La
(1) from the trend might be explained by differences in coordination
chemistry: La(lll) is more likely to bind six nitrate ions while other Ln
(1) ions are likely to coordinate to five nitrate ions. The positive
sequence of Ln(Ill) extraction complies with the lanthanide contrac-
tion. The addition of water to EAN gradually transforms the positive

sequence to a negative sequence, which is observed for the extraction
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of Ln(lll) from aqueous nitrate solutions. The comparison of the two
opposite sequences reveals that hydration of Ln(lll) counteracts the
extraction of Ln(lll) because the absolute hydration energy of Ln(lll)
ions increases with increasing atomic number. This discovery stresses
the important role of the more polar phase in the solvent extraction
of Ln(lll) and indicates that the use of solvents that weakly solvate Ln
(1) may enhance the separation of Ln(lll). This study illustrates the
usefulness of working with nonaqueous solvents as the more polar

phase in solvent extraction systems.?!
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